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(57) ABSTRACT

A method of reducing power consumption of an electro-
optical display device which can display a still image with
the use of analog signals. A circuit in which low leakage
current flows between a source and a drain of a selection
transistor when the selection transistor is off; the source of
the selection transistor is connected to a gate of a first
driving transistor, a gate of a second driving transistor, and
one electrode of a display element; and a source of the
second driving transistor is connected to the other electrode
of the display element is provided in each pixel. A gate and
the drain of the selection transistor are connected to a scan
line and a signal line, respectively. A drain of the first driving
transistor is connected to a first power supply line. A drain
of the second driving transistor is connected to a second
power supply line.
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ELECTRO-OPTICAL DISPLAY DEVICE AND
DISPLAY METHOD THEREOF

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a display device utilizing
electrical response characteristics of a material. The present
invention relates to, for example, a liquid crystal display
device or the like.

2. Description of the Related Art

In an active matrix liquid crystal display device which is
a typical electro-optical display device, a circuit including a
transistor Tr0,, ., a capacitor (also referred to as a storage
capacitor) C,, ., and a liquid crystal display element
LC,,, as illustrated in FIG. 2A is provided in each pixel.

FIG. 2B is an equivalent diagram illustrating a state where
the circuit holds charges. The capacitor C, ,,, has capaci-
tance C, and resistance R, the liquid crystal display element
LC,,. has capacitance C, and resistance R,, and the tran-
sistor Tr0,, ,, has resistance R;. The capacitance C, of the
capacitor C, ,, is usually several times or more as high as
the capacitance C, of the liquid crystal display element
LCmy-

Ideally, it is desirable that the resistance R, R,, or R; be
infinite. In such a case, the display element LC,,, ,,, can hold
charges semi-permanently. In other words, display can be
performed semi-permanently. In fact, however, these resis-
tance components have finite values, and leakage current
flows through resistors. Accordingly, charges stored in the
display element L.C,, ,, change with time; thus, regular
rewriting (or additional writing) is required. A method for
stabilizing the potential of the display element LC, ., is
disclosed in Patent Document 1.

In general liquid crystal display devices, rewriting of
images is performed about 60 times per second (60 Hz
driving) or more especially in the case of displaying a
moving image. In that case, the rewriting is performed every
16.7 milliseconds (one frame). In such frequent rewriting (or
short frame period), variation in luminance or the like of a
display element in one frame usually cannot be recognized,
and the above-described variation in the charge stored in the
display element LC, ,,, is hardly problematic.

However, such frequent rewriting is not generally needed
in the case of displaying a still image. A driver needs to be
driven to inject charges to a display element every time an
image is rewritten, which consumes power. A method in
which the frequency of rewriting is reduced as much as
possible to reduce power consumption is disclosed in Patent
Document 2.

A problem in a conventional active matrix liquid crystal
display device including a silicon-based transistor (an amor-
phous silicon TFT or a polysilicon TFT) was the resistance
R, in the equivalent circuit illustrated in FIG. 2B. The
resistance Ry which is resistance of the transistor in an off
state (i.e., off-state resistance) was lower than the resistance
R, and the resistance R, by several orders or more of
magnitude.

Thus, charges in a liquid crystal display element could not
be held for a long time, and the rewriting frequency could
only be reduced to once per several seconds at most for the
following reason: if rewriting is not performed for a long
time, display is greatly deteriorated.

In recent years, research on a transistor using an oxide
semiconductor has been advanced. In such a situation, it was
found that off-state current in the transistor using an oxide
semiconductor can be reduced to be lower than that in a
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silicon-based transistor by several orders or more of mag-
nitude, as disclosed in Non-Patent Document 1. Accord-
ingly, the rewriting frequency can be further reduced; thus,
a still-image display method in which rewriting is performed
at extremely low frequency, for example, once per 100
seconds is considered possible.

[Patent Document 1] U.S. Pat. No. 7,362,304

[Patent Document 2] U.S. Pat. No. 7,321,353

[Non-Patent Document 1] Tetsufumi Kawamura et al., IDW”

09, pp. 1689-1692

SUMMARY OF THE INVENTION

However, in the case where the cycle of rewriting is
longer than or equal to one second, a difference in image
data between before and after rewriting is recognized even
if the difference is small (e.g., a difference of 1 grayscale in
64 grayscales), which brings discomfort to users. In order to
prevent such a problem, variation in charge (or variation in
potential) of a liquid crystal display element needs to be less
than or equal to 1% between frames (a period between
rewriting and the subsequent rewriting).

In that case, the minimum values of the resistance R |, the
resistance R,, and the resistance R; need to be increased, or
the sum of the capacitance of the capacitor C, ,,, and the
capacitance of the liquid crystal display element LC, ,,
needs to be increased.

Off-state current of a transistor using an oxide semicon-
ductor can be extremely small, for example, 1 zA (zepto-
ampere, 1072* A) (in terms of resistivity, 10°° Q to 10*' Q
which is also extremely high); thus, the resistance R, is
substantially infinite. In addition, since a dielectric with high
insulating properties can be used as the capacitor, the
resistance R, is also high. However, it was difficult to
increase the resistance R, of the liquid crystal display
element to 10" Q or higher for the following reasons: the
resistivity of a liquid crystal material itself cannot be unlim-
itedly increased and the electrode area is large.

The area of the capacitor needs to be increased in order to
increase the capacitance. However, increasing the area of the
capacitor is restricted by the size of a pixel, and an oversized
capacitor causes a reduction in the proportion of the area that
can be used for display (a so-called aperture ratio). In
addition, when the capacitance is large, the amount of charge
injected and emitted at the time of rewriting is also large,
which increases power consumption.

An object of one embodiment of the present invention is
to provide an electro-optical display device in which varia-
tion in charge of a liquid crystal display element can be
suppressed to such a level that rewriting cannot be recog-
nized by the human eye even in the case of performing
rewriting at extremely low frequency, once in 100 seconds
or less, or a display method of the electro-optical display
device.

Another object of one embodiment of the present inven-
tion is to provide an electro-optical display device in which
variation in charge (or variation in potential) of a display
element in the longest frame is less than or equal to 1% or
a display method of the electro-optical display device.

Another object of one embodiment of the present inven-
tion is to provide an electro-optical display device whose
power consumption can be reduced or a display method of
the electro-optical display device.

Another object of one embodiment of the present inven-
tion is to provide an electro-optical display device which has
excellent display performance or a display method of the
electro-optical display device.
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Another object of one embodiment of the present inven-
tion is to provide an electro-optical display device which can
display a still image with the number of times of rewriting
reduced in order to reduce power consumption or a display
method of the electro-optical display device.

Another object of one embodiment of the present inven-
tion is to provide a novel electro-optical display device
which can display a still image and a moving image or a
display method of the electro-optical display device.

Before the present invention is described, terms used in
this specification will be briefly explained. A source and a
drain of a transistor have the same or substantially the same
structure and function. Even if the structures are different, in
this specification, when one of a source and a drain of a
transistor is called a source, the other is called a drain for
convenience, and they are not particularly distinguished for
the reason that a potential applied to the source or the drain
or a polarity of the potential is not definite. Therefore, a
source in this specification can be alternatively referred to as
a drain.

In this specification, the expression “to be orthogonal to
each other (in a matrix)” means not only to intersect with
each other at right angles but also to be orthogonal to each
other in the simplest circuit diagram even though a physical
angle is not a right angle. In addition, the expression “to be
parallel to each other (in a matrix)” means to be parallel to
each other in the simplest circuit diagram even though two
wirings are provided so as to physically intersect with each
other.

Further, even when the expression “to be connected” is
used in this specification, there is a case in which no physical
connection is made in an actual circuit and a wiring is just
extended. For example, in an insulated-gate field-effect
transistor (MISFET) circuit, there is a case in which one
wiring serves as gates of a plurality of MISFETs. In that
case, one wiring may have a plurality of branches to gates
in a circuit diagram. In this specification, the expression “a
wiring is connected to a gate” is also used to describe such
a case.

One embodiment of the present invention is an electro-
optical display device having a pixel including a first tran-
sistor, a second transistor, a third transistor, and a display
element. A source of the first transistor is connected to a gate
of the second transistor and a gate of the third transistor, a
source of the second transistor is connected to one electrode
(afirst electrode) of the display element, a source of the third
transistor is connected to the other electrode (a second
electrode) of the display element, a gate of the first transistor
is connected to a scan line, and a drain of the first transistor
is connected to a signal line.

Here, it is preferable that the second transistor and the
third transistor have the same conductivity type and that
off-state current of the first transistor be less than or equal to
Y100 of the leakage current of the display element.

The electro-optical display device may include a capaci-
tor. The capacitor is arranged so that one electrode of the
capacitor is connected to the source of the first transistor and
the other electrode is connected to a capacitor line or another
wiring. The capacitance of the capacitor is preferably less
than or equal to V1o of the capacitance of the display element.

Another embodiment of the present invention is a display
method of the above electro-optical display device having a
frame which is longer than or equal to 100 seconds, pref-
erably longer than or equal to 1000 seconds. Needless to say,
the display method may be a method in which one or more
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frames each of which is shorter than 100 seconds and one or
more frames each of which is longer than or equal to 100
seconds, are combined.

For example, in successive first to third frames, the first
frame, the second frame, and the third frame can be set to
16.7 milliseconds, 16.7 milliseconds, and 1000 seconds,
respectively. Here, in the first frame, so-called overdriving in
which an absolute value of a potential difference (a potential
difference between the first electrode and the second elec-
trode) applied to a display element is set to be larger than
that of a potential difference corresponding to a certain
grayscale to increase the response speed of the display
element may be performed; in the second frame, an absolute
value of a potential difference applied to the display element
may be set to be slightly smaller than that of the potential
difference corresponding to the grayscale; and then in the
third frame which is long, the potential difference corre-
sponding to the grayscale may be applied to the display
element.

Another embodiment of the present invention is a display
method of the above electro-optical display device which
has a frame in which time taken for writing of one screen is
shorter than or equal to 0.2 milliseconds.

In the above electro-optical display device, a drain of the
second transistor may be connected to a power supply line
(a first power supply line). Alternatively, the drain of the
second transistor and the other electrode of the capacitor
may be connected to the capacitor line.

In the above electro-optical display device, a drain of the
third transistor may be connected to another power supply
line (a second power supply line). Alternatively, the drain of
the third transistor may be connected to a capacitor line in
the subsequent row or the subsequent column Further alter-
natively, the drain of the third transistor may be connected
to a first power supply line in the subsequent row or the
subsequent column or a second power supply line in the
subsequent row or the subsequent column.

The maximum value of the potential of the drain of the
second transistor is preferably higher than or equal to the
maximum value of potential applied to the first electrode of
the display element, and the minimum value of the potential
of the drain of the second transistor is preferably lower than
or equal to the minimum value of the potential applied to the
first electrode of the display element.

Similarly, it is preferable that the maximum value of the
potential of the drain of the third transistor be greater than
or equal to the maximum value of the potential applied to the
second electrode of the display element and that the mini-
mum value of the potential of the drain of the third transistor
be lower than or equal to the minimum value of the potential
applied to the second electrode of the display element.

Further, the maximum value of the potential difference
between the drain of the second transistor and the drain of
the third transistor be greater than or equal to the maximum
value of the potential difference between the first electrode
and the second electrode of the display element.

In the above electro-optical display device, an oxide
semiconductor may be used in any one or two or all of the
first to third transistors. For example, an oxide semiconduc-
tor may be used in the first transistor and the second
transistor.

Alternatively, a polycrystalline semiconductor or a single
crystal semiconductor may be used in one or both of the
second transistor and the third transistor. As examples of the
polycrystalline semiconductor, polycrystalline silicon, poly-
crystalline silicon germanium, and polycrystalline germa-
nium are given. As examples of the single crystal semicon-
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ductor, single crystal silicon, single crystal silicon
germanium, and single crystal germanium are given.

In particular, in the case where the gate capacitance of
each of the second transistor and the third transistor is
reduced, the second transistor and the third transistor are
preferably formed using a semiconductor material whose
field effect mobility is 10 times or more as high as that of the
first transistor or higher than or equal to 100 cm?/Vs. The use
of such a material makes it possible to secure sufficient
on-state current even when a channel width is reduced; thus,
the area of a channel can be reduced and the gate capacitance
can be reduced.

In the case where the second transistor and the third
transistor are formed using the above-described material
with high field effect mobility, a driver circuit (a shift
register or the like) located in the periphery of the display
device may include a transistor using such a material.

In the above electro-optical display device, when the first
transistor is in an off state (in the case of an N-channel
transistor, a state where the potential of the gate is lower than
the potential of the source and the potential of the drain),
leakage current between the source and the drain is less than
or equal to 1x1072° A, preferably less than or equal to
1x107*! A at a temperature where the transistor is in use
(e.g., 25° C.), or less than or equal to 1x1072° A at 85° C.

In the case of a general silicon semiconductor, it is
difficult to realize leakage current having such a small value;
however, in a transistor obtained by processing an oxide
semiconductor under preferable conditions, such a value can
be achieved. Thus, an oxide semiconductor is preferably
used as a material of the first transistor. Needless to say, if
leakage current can be made to have a value smaller than or
equal to the above-described value by another method with
the use of a silicon semiconductor or other kinds of semi-
conductors, the use of such semiconductors is not precluded.

Although a variety of known materials can be used as an
oxide semiconductor, the band gap of the material is pref-
erably greater than or equal to 3 eV, more preferably greater
than or equal to 3 eV and less than 3.6 eV. In addition, the
electron affinity of the material is preferably greater than or
equal to 4 eV, more preferably greater than or equal to 4 eV
and less than 4.9 eV. In particular, an oxide including
gallium and indium is preferable for the purpose of the
present invention. Among these materials, a material whose
carrier concentration derived from a donor or an acceptor is
less than 1x107'* cm™>, preferably less than 1x107!* ecm™.

Although there is no limitation on the leakage current
between a source and a drain of the second transistor or the
third transistor in an off state, such leakage current is
preferably smaller, in which case power consumption can be
reduced. Further, in the first to third transistors, gate leakage
current (leakage current between the gate and the source or
between the gate and the drain) needs to be extremely low;
also in the capacitor, internal leakage current (leakage cur-
rent between the electrodes) needs to be low. Each leakage
current is preferably less than or equal to 1x107>° A, more
preferably less than or equal to 1x107>! A at a temperature
where the transistor or the capacitor is in use (e.g., 25° C.).

Note that the two electrodes of the display element need
to be controlled independently as described above; thus, a
horizontal electric field display mode such as in-plane
switching (IPS) or fringe field switching (FFS) that is an
improved mode of IPS is preferably employed for a liquid
crystal display device.

FIG. 1A illustrates an example of a circuit of a pixel in the
electro-optical display device of one embodiment of the
present invention. This pixel includes a first transistor (also
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referred to as a selection transistor) Tr0, ), a second
transistor (also referred to as a first driving transistor)
Trl, ), a third transistor (also referred to as a second
driving transistor) Tr2, ,,,, a capacitor C, ), and a display
element LC, .

A source of the selection transistor Tr0y,, ,,, is connected to
a gate of the first driving transistor Trl,, ., a gate of the
second driving transistor Tr2, ., and one electrode of the
capacitor Cg, .. A source of the first driving transistor
Trl, ., is connected to the first electrode of the display
element LC,, .. A source of the second driving transistor
Tr2, ., is connected to the second electrode of the display
element LC, ..

A gate of the selection transistor Tr0,,, . is connected to
a scan line X, a drain of the selection transistor Tr0, ,,, is
connected to a signal line Y,,, and the other electrode of the
capacitor C,, . is connected to a capacitor line Z,. More-
over, a drain of the first driving transistor Trl,, ,, is con-
nected to a first power supply line W1,, and a drain of the
second driving transistor Tr2, ., is connected to a second
power supply line W2,,.

An operation example of such a circuit will be described
with reference to FIGS. 3A to 3F. Note that specific numeric
values of potentials are given below for understanding the
technical idea of the present invention. Needless to say, such
values are changed depending on a variety of characteristics
of a transistor and a capacitor, or the convenience of a
practitioner.

Here, the first driving transistor Trl, ., and the second
driving transistor Tr2, ,,, are N-channel transistors. The first
driving transistor Trl,, ., and the second driving transistor
Tr2,,,,, are off (i.e., in a state where current does not flow)
when the potential of the gate is lower than the potential of
the source or the potential of the drain, whichever is lower.
The first driving transistor Trl, ,,, and the second driving
transistor Tr2, ,, are on (i.e., in a state where current flows)
when the potential of the gate is the same as or higher than
the potential of the source or the potential of the drain,
whichever is lower.

Such characteristics of the transistors are extremely ideal,
that is, the threshold voltages of both the first driving
transistor Trl,, ,,, and the second driving transistor Tr2,,, .,
are 0 V. Here, such ideal transistors are assumed for sim-
plicity of the description; however, it is actually necessary to
consider that transistors operate in accordance with their
threshold voltages.

In particular, in transistors using a material such as
polycrystalline silicon, variation in threshold voltage is large
between the transistors. When a display device is formed
using such transistors with different qualities, display
unevenness occurs. In order to solve such a problem, origi-
nal display signals are preferably corrected so that display
signals corresponding to respective transistors are input to
the transistors.

A scan pulse and an image signal are supplied to the scan
line X, and the signal line Y, respectively, as in a conven-
tional active matrix liquid crystal display device. The
capacitor line Z, is held at constant potential (e.g., 0 V).

Assume that the potential of the first power supply line
W1, is +5 V at first and the potential of the second power
supply line W2, is 0 V at first. In addition, assume that the
potential of the source of the first driving transistor Trl,
(i.e., the potential of the first electrode of the display element
LC, .y the potential of the source of the second driving
transistor Tr2, ., (i.e., the potential of the second electrode
of the display element LC, ,,, are both 0 V.
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The case where data of +5 V is written to this pixel (i.e.,
a potential difference between the first electrode and the
second electrode of the display element LC,, ,,, is set to +5
V) is considered. In that case, the potential of the gate of the
first driving transistor Tr1, ,, (i.e., the potential of the gate
of the second driving transistor Tr2, ) is preferably set at
+5 V. In other words, as in the case of normal data writing
of an active matrix liquid crystal display device, the poten-
tial of the scan line X,, may be controlled to turn on the
selection transistor Tr0,, ), the potential of the signal line
Y,, may be set at +5 V, and furthermore the potential of the
scan line X,, may be controlled to turn off the selection
transistor Tr0,, .

The potential of the source of the selection transistor
Tr0,,, ., (i.e., the gate of the first driving transistor Trl, ,,
and the gate of the second driving transistor Tr2,
becomes +5 V, so that the first driving transistor Trl,, , is
turned on and current flows from the first power supply line
W1, to the source of the first driving transistor Trl,, ;. At
this time, current flows until the potential of the source of the
first driving transistor Tr1,, ,,, reaches +5 V; thus, the poten-
tial of the first electrode of the display element LC,, .,
becomes +5 V. In other words, as illustrated in FIG. 3A, the
potential of the first electrode of the display element LC,,, ,,,
is increased from 0 V to +5 V.

In contrast, although the second driving transistor Tr2,,, ,,,
is also on, the potential of the source of the second driving
transistor Tr2, ., remains 0 V because the potential of the
drain thereof is 0 V. As a result, the potential difference
between the first electrode and the second electrode of the
display element LC,,,, is +5 V, and gray scale display
corresponding to the potential difference is performed.

Next, the case where data of +3 V is written to the pixel
is considered. In that case, as illustrated in FIG. 3B, the
potential of the first power supply line W1, is set to 0 V.
Through this operation, the potential of the first electrode of
the display element L.C,,, ,, is decreased from +5 Vto 0 V.

Furthermore, as illustrated in FIG. 3C, the selection
transistor Tr0,, ,, is turned on, the potential of the signal line
Y,, is set to 0 V, and then the selection transistor Tr0,, ,,, is
turned off, whereby the potential of the gate of the first
driving transistor Trl, ., (and the potential of the gate of the
second driving transistor Tr2, ) becomes 0 V.

After that, as illustrated in FIG. 3D, the potential of the
first power supply line W1, is increased to +5 V. The
potentials of the first electrode and the second electrode of
the display element L.C, ,,, do not change here.

After that, as illustrated in FIG. 3E, the potential of the
signal line Y, is set to +3 V with the selection transistor
Tr0,,, .., kept on, and the selection transistor Tr0, ,,, is turned
off, whereby the potential of the gate of the first driving
transistor ,(n,m) (and the potential of the gate of the
second driving transistor Tr2, ) may be set to +3 V.

The first driving transistor Tr1, ,, is turned on, so that
current flows from the first power supply line W1, to the
source of the first driving transistor Trl,, .. At this time,
current flows until the potential of the source of the first
driving transistor Trl, ,, reaches +3 V; thus, the potential of
the first electrode of the display element LC,, ,,,, becomes +3
V. Although the potential of the drain of the first driving
transistor Trl,, ,, is +5 V, neither the potential of the source
nor the potential of the drain can exceed the potential of the
gate (+3 V) due to the previously assumed characteristics of
the transistor. In other words, as illustrated in FIG. 3E, the
potential of the first electrode of the display element L.C,,,
is increased from 0 V to +3 V.
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In contrast, although the second driving transistor Tr2,,
is also on, the potential of the source of the second driving
transistor Tr2, ,,, remains 0 V because the potential of the
drain thereof is 0 V. As a result, the potential difference
between the first electrode and the second electrode of the
display element LC,,,, is +3 V, and gray scale display
corresponding to the potential difference is performed.

As illustrated in FIG. 3F, the potential of the first power
supply line W1, is decreased to 0 V and the potential of the
second power supply line W2, is increased to +5 V, so that
the potential of the first electrode of the display element
LCy,,y becomes O V, and the potential of the second
electrode thereof becomes +3 V; thus, the polarity of an
electric field applied to the display element can be switched
(i.e., AC driving can be performed).

In such a manner, the potential of the display element
LC, . 1s controlled, whereby image display can be per-
formed with the use of analog signals. By applying the
above-described method, display can be performed with one
frame of 16.7 milliseconds, which is substantially the same
as in a normal liquid crystal display device. When one frame
is set longer than or equal to 100 seconds, preferably longer
than or equal to 1000 seconds, power consumption in
still-image display can be reduced.

Here, it is important to stabilize the potential of the gate
of the first driving transistor Trl, ,,, (i.e., the potential of the
gate of the second driving transistor Tr2, ) in order to
reduce variation in potential difference between the first
electrode and the second electrode of the display element
LC,, ., for the reason described below. For example, poten-
tial corresponding to the potential of the gate of the first
driving transistor Trl,, ,,, is applied to the first electrode of
the display element L.C, ,, in FIG. 3E, and potential cor-
responding to the potential of the gate of the second driving
transistor Tr2, ., is applied to the second electrode of the
display element LC, ,, in FIG. 3F.

Although the resistance of the display element LC, ,,, is
preferably high, the resistance is finite, which causes mod-
erate leakage current. For example, in FIG. 3F, the potential
of the second electrode of the display element LC,, , is +3
V. If there are no factors, the potential of the second
electrode of the display element LC,, ., moves to the poten-
tial of the first electrode (i.e., 0 V) as close as possible. In the
circuit illustrated in FIG. 1A, when the potential of the
second electrode of the display element LC,, ,,, moves to be
smaller than +3 V even slightly, charges immediately trans-
fer through the second driving transistor Tr2, ., in an on
state, so that the potential automatically goes back to +3 V.

The above effect allows display to be maintained for a
long time without deterioration. Needless to say, although
high resistance of the display element L.C,, ,,, in the circuit
illustrated in FIG. 1A is effective in reducing power con-
sumption, display deterioration does not occur even if the
resistance is not quite high.

On the other hand, the variation in the potential of the gate
of the first driving transistor Trl, _, (i.e., the potential of the
gate of the second driving transistor Tr2, ) needs to be
avoided as much as possible for the following reason: the
potential of the first electrode (or the potential of the second
electrode) of the display element LC,, ,,, is automatically
determined in accordance with the potential of the gate of
the first driving transistor Trl, ,, (i.e., the potential of the
gate of the second driving transistor Tr2 , ) as described
above.

Here, when the off-state resistance of the selection tran-
sistor Tr0, ,,,, is sufficiently high, the variation in the poten-
tial of the gate of the first driving transistor Tr1,, ,,, (i.e., the

().
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potential of the gate of the second driving transistor Tr2, )
is extremely small. For example, in the case where the sum
of capacitance of the capacitor C, ,,, and parasitic capaci-
tance of other parts is set to 100 fF which is %20 of the
capacitance of a typical liquid crystal display element and
the sum of resistance of off-state resistance of the selection
transistor Tr0, ., parasitic resistance of the capacitor
C.m)> parasitic resistance between the gate and the source
of the first driving transistor Tr1,, . and parasitic resistance
between the gate and the source of the second driving
transistor Tr2, ., is set to 10*° Q, the time constant of a
circuit formed using the capacitance of the capacitor C,
and the like and the above resistance is 107 seconds.

This means that the variation in the potential at the point
where 100 seconds have passed is 0.001%, and the variation
in the potential is 0.01% even at the point where 1000
seconds have passed. Thus, even if one frame is longer than
or equal to 100 seconds, preferably longer than or equal to
1000 seconds, variation in the potential of the display
element can be less than or equal to 1%, and a difference in
display between before and after rewriting even having such
a long period cannot be recognized.

Needless to say, an increase in the capacitance of the
capacitor C,, ,,, allows the variation in the potential to be
suppressed for a longer time. However, the increase in the
capacitance of the capacitor Cg, ,,, causes an increase in
power consumption during rewriting. Further, increasing the
area of the capacitor C, , or reducing the distance between
electrodes in order to increase the capacitance is not pref-
erable because leakage current is increased.

Further, large capacitance impairs rewriting at an
extremely high speed, which is described later, in some
cases. Thus, the capacitance is preferably greater than or
equal to 1 fF and less than 1 pF, more preferably greater than
or equal to 5 fF and less than 200 fF. Such capacitance does
not impair the implementation of the present invention at all
due to the characteristic of the circuit.

Note that the capacitance here includes, in its category, the
gate capacitance of the first driving transistor Trl,,, ,,,, the
gate capacitance of the second driving transistor Tr2(n,m),
and the like. Thus, the capacitor C, ,,, does not particularly
need to be provided as long as such capacitance has a certain
amount. In the case where the capacitor C, ,, is not pro-
vided, a capacitor line needed for the capacitor C,, ,,, can be
omitted.

Note that by making the capacitance of the capacitor
Cum and the like sufficiently small as described above,
driving can also be performed at a high speed. Thus, writing
is performed for a short time in one frame and a driver circuit
needed for writing is stopped during the most of the time in
the one frame, whereby power consumption can be reduced.
In addition, image display, in particular, display of a moving
image at a high speed can be improved.

In a normal active matrix liquid crystal display device,
most of the time in one frame is spent for writing of one
screen. In the case where one frame is, for example, 16.7
milliseconds, writing (rewriting) to any of rows is performed
during most of the time in the frame. In such a situation,
power is constantly supplied to the driver circuit.

In a driver, a CMOS inverter circuit or the like is usually
used. Since power supply voltage is supplied to the driver,
current flows through an inverter; thus, power is consumed.

In order to reduce the power consumption, the driver is
stopped as much as possible in one frame to stop power
supply to the driver. For that purpose, time necessary for
writing (rewriting) of one screen is preferably reduced.
Specifically, the time necessary for writing may be set to be
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shorter than 2 milliseconds or less than 10% of one frame,
whichever is shorter, and if possible, shorter than 0.2 mil-
liseconds or less than 1% of one frame, whichever is shorter.
The driver circuit may be stopped in the rest of the time.

Note that not all driver circuits need to be stopped here,
and at least a circuit which supplies a signal to the scan line
or the signal line may be stopped during the above-described
period. Needless to say, when a larger number of circuits are
stopped, power consumption can be reduced more.

Under the above condition, in the case where one frame
is, for example, 16.7 milliseconds, a display signal is not
supplied to the signal line in 90% or more of the frame, and
time for image writing (rewriting) is less than 10% of the
frame, that is, shorter than 1.67 milliseconds, preferably
shorter than 0.17 milliseconds.

Further, in the case where one frame is 33.3 milliseconds,
a display signal is not supplied to the signal line for longer
than or equal to 31.3 milliseconds, and the time for which a
display signal is applied to the signal line is shorter than 2
milliseconds, preferably shorter than 0.2 milliseconds.

For example, in the case where a potential difference
between the source and the drain and a potential difference
between the gate and the source are set to +5 V and +10 V,
respectively in the selection transistor Tr0,, ,,, which has a
field effect mobility of 11 cm?/Vs, a channel length of 2 um,
a channel width of 20 pm, a thickness of a gate insulating
film (silicon oxide) of 30 nm, and a threshold voltage of 0
V, current between the source and the drain and on-state
resistivity are calculated to be approximately 0.5 mA and 10
k€, respectively.

In addition, the time constant in the case where the
capacitance (including parasitic capacitance) of the capaci-
tor C,,, ., and the like is 100 {F is 1 nanosecond (100 fFx10
k€), and 100 nanoseconds is sufficient for data writing. If
the number of rows in a matrix of the display device is 1000,
the time necessary for rewriting of one screen is 0.1 milli-
second, which is 1000 times as long as 100 nanoseconds,
and the above condition is satisfied.

In order to achieve such a high-speed operation, the
capacitance of the capacitor C,,, . is preferably less than 200
fF. The capacitance of the capacitor C,, ,,, is a factor in
determining time for which the potential of the gate of the
first driving transistor Trl,, ,,, is held, and can be determined
independently of the capacitance of the liquid crystal display
element LC, .

Thus, if the time for which the potential of the gate of the
first driving transistor Trl,, . is held is enough, the capaci-
tance of the capacitor C,, ,,, is preferably reduced as much
as possible. In this regard, the electro-optical display device
of the present invention is different from a conventional
active matrix display device in which the capacitance of a
capacitor is determined depending on the capacitance of a
liquid crystal display element.

Note that according to the characteristics of the circuit
illustrated in FIG. 1A, the gate capacitance of the first
driving transistor Trl,, ., and the gate capacitance of the
second driving transistor Tr2,, ,, are also parasitic capaci-
tance parallel to the capacitance of the capacitor C,, ,,,. It is
effective to reduce the channel areas of the first driving
transistor Trl,, ,,, and the second driving transistor Tr2,,, .,
in order to reduce such parasitic capacitance.

For that purpose, it is preferable that polycrystalline
silicon or single crystal silicon with high field effect mobility
be used for the first driving transistor Trl,, ,, and the second
driving transistor Tr2,, ,,, and that the channel width of each
of the transistor be set to Y50 to 5 of the channel width of
the selection transistor Tr0, ... Even when the channel
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width is set to, for example, Y10 of the channel width of the
selection transistor Tr0,, ., the operation of the display
device has little problem.

Note that, although one frame is set to 16.7 milliseconds
or 33.3 milliseconds in the above example, an effect of a
reduction in power consumption can be obtained by stop-
ping at least part of a driver circuit even in the case where
a still image is displayed with one frame of 100 seconds or
1000 seconds.

Some examples are described above as embodiments of
the present invention. However, it is obvious, from the
technical idea of the present invention, that other modes
which can achieve at least one of the objects are also
possible without limitation to the above examples.

As is clear from the above description, even when rewrit-
ing is performed every 100 seconds or longer, variation in
potential of a display element can be as small as 1% or less.
As a result, deterioration of display can be reduced to such
a level that a difference in display between before and after
rewriting cannot be recognized.

Further, the method described above, in which rewriting
of'one screen is performed by spending extremely short time
of shorter than 0.2 milliseconds in one frame, for example,
0.17 milliseconds in the frame and the image is held during
the rest of the frame, is similar to the method for images on
a film.

It is preferable that such characteristics be applied to a
three-dimensional (3D) image display method of a frame
sequential type, in which high-speed shutters are used. In
such a 3D image display method, an image for the left eye
and an image for the right eye are switched at a high speed,
and right-and-left shutters of a pair of 3D glasses are
switched corresponding to the images. For example, when
people see an image for the right eye, the shutter for the right
eye opens so people can see the image. The image is
preferably completed substantially at this point.

A commercially available liquid crystal display device of
a frame sequential type employs 240 Hz driving. The
mechanism of the 240 Hz driving is as follows: an image for
the left eye is completed in Y240 seconds, a shutter for the left
eye opens for the subsequent 240 seconds, an image for the
right eye is completed in the subsequent Y240 seconds, and a
shutter for the right eye opens for the subsequent Y240
seconds. In other words, the period in which the left eye sees
the image is % of the total, which causes people to see
darkness in the image. Thus, a screen needs to be brightened
than usual; however, needless to say, this causes an increase
in power consumption.

This problem can be solved by increasing the time for
which the shutter opens. The above-described characteristic
in which image rewriting can be performed by spending
10% or less of one frame, or shorter than or equal to 2
milliseconds is suitable for the purpose.

Furthermore, in a liquid crystal display device which
needs to perform image writing at such a high speed, a liquid
crystal exhibiting a blue phase as a liquid crystal phase is
preferably used. However, the blue-phase liquid crystal has
a problem in that the resistance is lower than that of general
liquid crystal materials.

Due to the above problem, once still image display is
performed with one frame of several seconds or longer by
the method disclosed in Patent Document 2, display is
deteriorated even though moving image display is per-
formed without any problem. In contrast, when one embodi-
ment of the present invention is applied to a blue-phase
liquid crystal, display deterioration due to leakage current by
the blue-phase liquid crystal can be sufficiently suppressed.
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In other words, when one of the embodiments of the
present invention is applied to the blue phase liquid crystal,
excellent moving image display (including 3D image dis-
play of a frame sequential type) can be performed. In
addition, a liquid crystal display device in which power
consumption in still-image display is low can be obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B illustrate examples of circuits of an
electro-optical display device of the present invention.

FIGS. 2A and 2B illustrate examples of circuits of a
conventional electro-optical display device.

FIGS. 3A to 3F illustrate examples of driving methods of
a circuit of an electro-optical display device of the present
invention.

FIG. 4 illustrates an example of a circuit of an electro-
optical display device of the present invention.

FIGS. 5A and 5B illustrate examples of circuits of an
electro-optical display device of the present invention.

FIGS. 6A and 6B illustrate examples of circuits of an
electro-optical display device of the present invention.

FIG. 7 illustrates an example of a circuit of an electro-
optical display device of the present invention.

FIGS. 8A and 8B illustrate examples of circuits of an
electro-optical display device of the present invention.

FIGS. 9A and 9B illustrate examples of circuits of an
electro-optical display device of the present invention.

FIGS. 10A and 10B illustrate examples of circuits of an
electro-optical display device of the present invention.

FIGS. 11A to 11C illustrate an example of a manufactur-
ing process of an electro-optical display device of the
present invention.

FIGS. 12A to 12C illustrate an example of a manufactur-
ing process of an electro-optical display device of the
present invention.

FIGS. 13A and 13B each illustrate an example of circuit
arrangement of an electro-optical display device of the
present invention.

DETAILED DESCRIPTION OF THE
INVENTION

Hereinafter, the Embodiments will be described with
reference to the accompanying drawings. Note that the
Embodiments can be carried out in many different modes,
and it is easily understood by those skilled in the art that
modes and details can be modified in various ways without
departing from the spirit and scope of the present invention.
Therefore, the present invention should not be construed as
being limited to the description of the embodiments below.

The structures, the conditions, and the like disclosed in
any of the following Embodiments can be combined with
each other as appropriate. Note that in structures described
below, the same portions or portions having similar func-
tions are denoted by the same reference numerals in different
drawings, and detailed description thereof is not repeated in
some cases.

Note that in this specification, in referring to a specific
row, column, or position in a matrix, reference signs with
coordinates such as a “selection transistor Tr0,, ., and a
“scan line X, are used. In particular, in the case where a
row, a column, or a position is not specified or the case
where elements are collectively referred to, the following
expressions may be used: a “selection transistor Tr0”and a
“scan line X”, or simply a “selection transistor” and a “scan
line”.
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Further, in FIGS. 1A and 1B, FIGS. 2A and 2B, FIGS. 3A
to 3F, FIG. 4, FIGS. 5A and 5B, FIGS. 6A and 6B, FIG. 7,
FIGS. 8A and 8B, FIGS. 9A and 9B, and FIGS. 10A and
10B, unless otherwise specified, reference numerals X,
X,,.1, and the like refer to scan lines; Y,,, Y., ;, and the like,
signal lines; 7. 7., ,, Z.,... Z.,,...» and the like, capacitor lines;
W1, W1, ,W1, W1 . a;ndthe like, first power supply
lines; W2,, W2, ,,, W2, W2 . andthelike, second power
supply lines; Tr0,, ., a selection transistor; Trl,, . a first
driving transistor; Tr2, ), a second driving transistor; and
LC,,m), a display element.

(Embodiment 1)

In this embodiment, an electro-optical display device
illustrated in FIG. 1B will be described. The electro-optical
display device illustrated in FIG. 1B is obtained by modi-
fying the electro-optical display device illustrated in FIG.
1A. The difference between FIG. 1A and FIG. 1B lies in that
a capacitor line is orthogonal to a scan line (the capacitor
line is parallel to a signal line) in FIG. 1B, while the
capacitor line is parallel to the scan line in FIG. 1A.

With this structure, the signal line does not cross the
capacitor line. Thus, parasitic capacitance caused by the
crossing can be reduced and attenuation of a display signal
can be suppressed.

The electro-optical display device of this embodiment can
be driven by a method the same as that in FIGS. 3A to 3F.
(Embodiment 2)

In this embodiment, an electro-optical display device
illustrated in FIG. 4 will be described. The electro-optical
display device illustrated in FIG. 4 is obtained by modifying
the electro-optical display device illustrated in FIG. 1A. The
difference between FIG. 1A and FIG. 4 lies in that only a first
power supply line is provided in each row and a drain of a
second driving transistor is connected to a first power supply
line in the subsequent row in FIG. 4, while the first power
supply line and a second power supply line are provided in
each row in FIG. 1A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 4 has 3N+M+1) wirings, while the display
device having the circuit configuration of FIG. 1A has
(4N+M) wirings. Thus, the number of wirings in FIG. 4 can
be smaller by N-1 than that in FIG. 1A.

The circuit illustrated in FIG. 4 can be driven by a method
the same as that in FIGS. 3A to 3F in such a manner that, for
example, a potential of +5 V is applied to the first power
supply lines in the odd-numbered rows and a potential of 0
V is applied to the first power supply lines in the even-
numbered rows; or a potential of 0 V is applied to the first
power supply lines in the odd-numbered rows and a poten-
tial of +5 V is applied to the first power supply lines in the
even-numbered rows.

(Embodiment 3)

In this embodiment, electro-optical display devices illus-
trated in FIGS. 5A and 5B will be described. The electro-
optical display device illustrated in FIG. 5A is obtained by
modifying the electro-optical display device illustrated in
FIG. 1A. The difference between FIG. 1A and FIG. 5A lies
in that a capacitor line is substituted for a first power supply
line in FIG. 5A, while the first power supply line is provided
in FIG. 1A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
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columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 5A has (3N+M) wirings, while the display
device having the circuit configuration of FIG. 1A has
(4N+M) wirings. Thus, the number of wirings in FIG. 5A
can be smaller by N than that in FIG. 1A. In addition, the
number of wirings crossed by a signal line can be reduced,
which allows a reduction in parasitic capacitance and sup-
pression of attenuation of a display signal.

Note that in this embodiment, the potential of the capaci-
tor line varies like the potential of the first power supply line
in FIGS. 3A to 3F, the potential of the capacitor line
preferably has a constant value in a writing process (i.e.,
time for which the selection transistor is on). Other than that,
the electro-optical display device of this embodiment can be
driven by a method the same as that in FIGS. 3A to 3F.

The electro-optical display device illustrated in FIG. 5B is
obtained by modifying the electro-optical display device
illustrated in FIG. 5A. The difference between FIG. SA and
FIG. 5B lies in that a capacitor line in the subsequent row is
substituted for a second power supply line in FIG. 5B, while
the second power supply line is provided in FIG. 5A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 5B has (2N+M+1) wirings, while the display
device having the circuit configuration of FIG. 5A has
(BN+M) wirings. Thus, the number of wirings in FIG. 5B
can be smaller by N-1 than that in FIG. 5A. In addition, the
number of wirings crossed by a signal line can be reduced,
which allows a reduction in parasitic capacitance and sup-
pression of attenuation of a display signal.

(Embodiment 4)

In this embodiment, electro-optical display devices illus-
trated in FIGS. 6A and 6B will be described. The electro-
optical display devices illustrated in FIGS. 6A and 6B are
obtained by modifying the electro-optical display devices
illustrated in FIGS. 1A and 1B, respectively. The difference
between FIG. 1B and FIG. 6A lies in that a first power
supply line and a second power supply line are provided in
parallel to a signal line (the first power supply line and the
second power supply line are provided so as to be orthogonal
to the scan line) in FIG. 6 A, while the first power supply line
and the second power supply line are provided in parallel to
a scan line in FIG. 1B. This structure makes it possible to
reduce the number of wirings crossed by the signal line;
thus, parasitic capacitance can be reduced and attenuation of
a display signal can be suppressed.

(Embodiment 5)

In this embodiment, an electro-optical display device
illustrated in FIG. 7 will be described. The electro-optical
display device illustrated in FIG. 7 is obtained by modifying
the electro-optical display device illustrated in FIG. 6 A. The
difference between FIG. 6A and FIG. 7 lies in that only a
second power supply line is provided in each column and a
drain of a first driving transistor is connected to the second
power supply line in the subsequent column in FIG. 7, while
a first power supply line and the second power supply line
are provided in each column in FIG. 6A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 7 has (2N+2M+1) wirings, while the display
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device having the circuit configuration of FIG. 6A has
(2N+3M) wirings. Thus, the number of wirings in FIG. 7 can
be smaller by M-1 than that in FIG. 6A.

The circuit illustrated in FIG. 7 can be driven in such a
manner that a potential of +5 V is applied to the second
power supply lines in the odd-numbered columns and a
potential of 0 V is applied to the second power supply lines
in the even-numbered columns, or a potential of 0 V is
applied to the second power supply lines in the odd-num-
bered columns and a potential of +5 V is applied to the
second power supply lines in the even-numbered columns.
(Embodiment 6)

In this embodiment, electro-optical display devices illus-
trated in FIGS. 8A and 8B will be described. The electro-
optical display device illustrated in FIG. 8A is obtained by
modifying the electro-optical display device illustrated in
FIG. 6B. The difference between FIG. 6B and FIG. 8A lies
in that a capacitor line is substituted for a second power
supply line in FIG. 8A, while the second power supply line
is provided in FIG. 6B.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 8A has (N+3M) wirings, while the display
device having the circuit configuration of FIG. 6B has
(N+4M) wirings. Thus, the number of wirings in FIG. 8A
can be smaller by M than that in FIG. 6B.

The electro-optical display device illustrated in FIG. 8B is
obtained by modifying the electro-optical display device
illustrated in FIG. 8A. The difference between FIG. 8A and
FIG. 8B lies in that a capacitor line in the subsequent column
is substituted for a first power supply line in FIG. 8B, while
the first power supply line is provided in FIG. 8A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 8B has (N+2M+1) wirings, while the display
device having the circuit configuration of FIG. 8A has
(N+3M) wirings. Thus, the number of wirings in FIG. 8B
can be smaller by M-1 than that in FIG. 8A.
(Embodiment 7)

In this embodiment, electro-optical display devices illus-
trated in FIGS. 9A and 9B will be described. The electro-
optical display device illustrated in FIG. 9A is obtained by
modifying the electro-optical display device illustrated in
FIG. 1A. The difference between FIG. 1A and FIG. 9A lies
in that a scan line in the subsequent row is substituted for a
capacitor line in FIG. 9A, while the capacitor line is pro-
vided in FIG. 1A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 9A has (3N+M+1) wirings, while the display
device having the circuit configuration of FIG. 1A has
(4N+M) wirings. Thus, the number of wirings in FIG. 9A
can be smaller by N-1 than that in FIG. 1A.

The electro-optical display device illustrated in FIG. 9B is
obtained by modifying the electro-optical display device
illustrated in FIG. 9A. The difference between FIGS. 9A and
9B lies in that a first power supply line in the subsequent row
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is substituted for a second power supply line in FIG. 9B,
while the second power supply line is provided in FIG. 9A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 9B has (2N+M+2) wirings, while the display
device having the circuit configuration of FIG. 9A has
(BN+M+1) wirings. Thus, the number of wirings in FIG. 9B
can be smaller by N-1 than that in FIG. 9A.
(Embodiment 8)

In this embodiment, electro-optical display devices illus-
trated in FIGS. 10A and 10B will be described. The electro-
optical display device illustrated in FIG. 10A is obtained by
modifying the electro-optical display device illustrated in
FIG. 6A. The difference between FIG. 6A and FIG. 10A lies
in that a scan line in the subsequent row is substituted for a
capacitor line in FIG. 10A, while the capacitor line is
provided in FIG. 6A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 10A has (N+3M+1) wirings, while the display
device having the circuit configuration of FIG. 6A has
(2N+3M) wirings. Thus, the number of wirings in FIG. 10A
can be smaller by N-1 than that in FIG. 6A.

The electro-optical display device illustrated in FIG. 10B
is obtained by modifying the electro-optical display device
illustrated in FIG. 10A. The difference between FIG. 10A
and FIG. 10B lies in that a second power supply line in the
subsequent column is substituted for a first power supply
line in FIG. 10B, while the first power supply line is
provided in FIG. 10A.

With this structure, the number of total wirings can be
reduced and an aperture ratio of a pixel can be increased. For
example, in the case of a matrix having N rows and M
columns (N and M are each a natural number greater than or
equal to 2), the display device having the circuit configu-
ration of FIG. 10B has (N+2M+2) wirings, while the display
device having the circuit configuration of FIG. 10A has
(N+3M+1) wirings. Thus, the number of wirings in FIG.
10B can be smaller by M-1 than that in FIG. 10A.
(Embodiment 9)

In this embodiment, an example of a manufacturing
method of the electro-optical display devices described in
Embodiments 1 to 8 will be described. Although FIGS. 11A
to 11C are cross-sectional views illustrating a manufacturing
process of this embodiment, they conceptually illustrate a
manufacturing process and does not illustrate a particular
cross section.

First, an appropriate substrate 101 made of glass or
another material is prepared. A surface of the substrate 101
may be coated with a covering film such as a silicon oxide
film, a silicon nitride film, an aluminum oxide film, or an
aluminum nitride film.

A single-layer metal film or a multilayer metal film is
formed over the substrate 101 and is processed into wirings
102a, 1025, and 102¢. In FIG. 11A, cross sections of two
parts of each of the wiring 102a¢ and the wiring 102¢ are
illustrated. In addition, the wiring 102¢ is used as, for
example, part of a scan line in some cases.

A material which forms an ohmic contact with an oxide
semiconductor to be formed later is preferable as a material
of the wirings 1024, 1025, and 102¢. An example of such a
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material is a material whose work function W is almost the
same as or smaller than electron affinity ¢ (an energy gap
between the lowest end of the conduction band of the oxide
semiconductor and the vacuum level) of the oxide semicon-
ductor. In other words, W<¢+0.3 [eV] is satisfied. As
examples of the material, titanium, molybdenum, and tita-
nium nitride are given.

After that, an insulating film is formed by a known
deposition method such as a sputtering method and is
etched, so that an insulating film 103 is obtained. Here, the
insulating film 103 is formed so as to cover parts of the
wirings 102a and 102c¢. Silicon oxide, aluminum oxide,
hafnium oxide, lanthanum oxide, aluminum nitride, or the
like may be used for the insulating film 103. Alternatively,
a composite oxide having a band gap greater than or equal
to 6 eV and less than or equal to 8 eV, such as a composite
oxide of aluminum and gallium (the ratio of aluminum to
gallium (i.e., aluminum/gallium) is preferably higher than or
equal to 0.5 and lower than or equal to 3), may be used. A
multilayer film of these materials may be used as well as a
single-layer film thereof.

For the purpose of reducing leakage current, the thickness
of the insulating film 103 is preferably greater than or equal
to 10 nm and may be, for example, greater than or equal to
50 nm and less than or equal to 200 nm. The hydrogen
concentration in the insulating film 103 is lower than
1x10*8cm™>, preferably lower than 1x10"°cm™. In order to
obtain such a hydrogen concentration, heat treatment, chlo-
rine plasma treatment, or oxygen plasma treatment may be
performed. The insulating film 103 serves as a gate insulat-
ing film of a bottom-gate transistor. The insulating film 103
also serves as a dielectric of a capacitor. FIG. 11A illustrates
the state up to this point.

Next, an oxide semiconductor film is formed to a thick-
ness of 3 nm to 30 nm by a sputtering method. A method
other than a sputtering method may be employed as a
formation method of the oxide semiconductor film. The
oxide semiconductor preferably contains gallium and
indium. The hydrogen concentration in the oxide semicon-
ductor film may be lower than 1x10'® cm™, preferably
lower than 1x10'° cm™ in order that the reliability of a
semiconductor memory device is increased. The composi-
tion ratio of gallium to indium (i.e., gallium/indium) is
greater than or equal to 0.5 and less than 2, preferably
greater than or equal to 0.9 and less than 1.2. The oxide
semiconductor may contain zinc in addition to gallium and
indium.

This oxide semiconductor film is etched, so that island-
shaped oxide semiconductor regions 104a and 1045 are
formed. It is preferable to perform heat treatment on the
island-shaped oxide semiconductor regions 104a and 1045
so that the semiconductor characteristics are improved. The
same effect can also be obtained by performing oxygen
plasma treatment. The heat treatment and the oxygen plasma
treatment may be performed separately or at the same time.
Thus, a structure in which the wirings 102a and 1025 are in
contact with the island-shaped oxide semiconductor region
1044 can be obtained.

After that, an insulating film is formed by a known
deposition method such as a sputtering method and is
etched, so that an insulating film 105 is obtained. Here, the
insulating film 105 is formed so as to cover the island-
shaped oxide semiconductor region 104a and parts of the
wirings 102a, 1025, and 102¢. For the purpose of reducing
leakage current, the thickness of the insulating film 105 is
preferably greater than or equal to 10 nm and may be, for
example, greater than or equal to 50 nm and less than or
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equal to 200 nm. The insulating film 105 serves as a gate
insulating film of a top-gate transistor.

The hydrogen concentration in the insulating film 105 is
lower than 1x10'® cm™>, preferably less than 1x10'% cm™.
In order to obtain such a hydrogen concentration, heat
treatment, chlorine plasma treatment, or oxygen plasma
treatment may be performed. In addition, in order to
improve the characteristics of the island-shaped oxide semi-
conductor regions 104a and 1045, heat treatment may also
be performed after the insulating film 105 is formed. For
other conditions of the insulating film 105, the conditions of
the insulating film 103 may be referred to. FIG. 11B illus-
trates the state up to this point.

After that, wirings 106a and 1065 are formed of a
conductive material. The wiring 106a serves as a gate of a
top-gate transistor 107a, and the wiring 1065 serves as an
electrode connected to a source or a drain of a bottom-gate
transistor 107¢. In addition, the wiring 1065 serves as a
signal line.

The wirings 106a and 1065 may be formed using a
material similar to that of the wirings 102a, 1025, and 102¢.
FIG. 11C illustrates the state up to this point.

FIG. 11C illustrates a wiring intersecting portion 1075
and a capacitor 1074 as well as the top-gate transistor 107a
and the bottom-gate transistor 107¢. In the capacitor 1074
here, the insulating film 103 is used as an insulator between
electrodes. In contrast, in the wiring intersecting portion
10754, the two insulating films 103 and 105 overlap with each
other.

Such a structure allows a reduction in parasitic capaci-
tance in the wiring intersecting portion 1075. Note that a
thick film with low dielectric constant may be further
provided selectively in the intersecting portion in the case of
further reducing parasitic capacitance between the wirings.

FIGS. 13A and 13B each illustrate an example of circuit
arrangement of a pixel in the electro-optical display device
obtained through the above manufacturing process. FIG.
13A corresponds to the stage illustrated in FIG. 11B and
illustrates the state after the island-shaped oxide semicon-
ductor regions 104a and 1046 are formed (or after the
insulating film 105 is formed), which is seen from the above.
The reference numerals in FIG. 13A correspond to those in
FIGS. 11A to 11C. Note that some elements such as the
insulating film 103 and the insulating film 105 are not
illustrated in FIGS. 13A and 13B.

The wiring 102¢ serves as a gate of a selection transistor
and a scan line. The wiring 102a serves as a drain of a first
driving transistor; the wiring 1025 serves as a source of the
first driving transistor (a first electrode of a display element);
the wiring 1024 serves as a capacitor line of the row; the
wiring 102e serves as a source of a second driving transistor
(a second electrode of the display element); and the wiring
102/ serves as a drain of the second driving transistor and a
capacitor line in the subsequent row.

A portion with a large width in each of the wiring 1024
and the wiring 102f here serves as one electrode of the
capacitor. Moreover, a portion with a large width in the
wiring 102a also serves as the one electrode of the capacitor.
In each of the wirings 1024, 1024, and 102/, a portion for
connection to an upper layer is provided. Note that the
wirings 102d, 102e, and 102f are not illustrated in FIGS.
11A to 11C.

The island-shaped oxide semiconductor regions 104a,
1045, and 104c¢ are provided so as to overlap with the
wirings 102a and 1025, the wiring 102¢, the wirings 102¢
and 102f, respectively. Note that the selection transistor is a
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bottom-gate transistor, and the first driving transistor and the
second driving transistor are top-gate transistors.

FIG. 13B corresponds to the stage illustrated in FIG. 11C
and illustrates the state after the wirings 1064, 1065, 106c¢,
and 106d are formed, which is seen from the above. The
reference numerals in FIG. 13B correspond to those in
FIGS. 11A to 11C.

The wiring 1065 serves as a drain of the selection tran-
sistor and a signal line in the column. The wiring 106¢ is
provided so as to cross the wiring 102c, is in contact with the
connection portion provided in the wiring 1024 which serves
as the capacitor line, and is in contact with the connection
portion provided in the wiring 102a¢ which serves as the
drain of the first driving transistor, whereby the wiring 106¢
functions as a connection electrode which connects the
capacitor line to the drain of the first driving transistor. The
wiring 1064 also serves as a connection electrode having a
function similar to that of the wiring 106¢. Note that the
wiring 106d is not illustrated in FIGS. 11A to 11C.

The wiring 106a serves as a source of the selection
transistor and also serves as a gate of the first driving
transistor and a gate of the second driving transistor. More-
over, the wiring 106a overlaps with large portions of the
wirings 102a¢ and 1024 to form the capacitor. The wiring
106¢ has a function similar to that of the wiring 106a. Note
that the wiring 106 is not illustrated in FIGS. 11A to 11C.
(Embodiment 10)

In this embodiment, an example of a manufacturing
method of the electro-optical display devices described in
Embodiments 1 to 8 will be described. Although FIGS. 12A
to 12C are cross-sectional views illustrating a manufacturing
process of this embodiment, they conceptually illustrate a
manufacturing process and does not illustrate a particular
cross section. Note that as many of the methods, materials,
and the like in this embodiment, the methods, materials, and
the like described in Embodiment 9 can be used. Therefore,
the description is omitted except for the case of using
particularly different material and conditions.

First, a substrate 201 is prepared. Then, wirings 202a,
2025, 202¢, 202d, and 202¢ are formed of a single-layer
metal film or a multilayer metal film over the substrate 201.
The wirings 202a, 2025, 202¢, 202d, and 202¢ each serve as
a gate of a transistor, a wiring such as a scan line, or an
electrode of a capacitor.

It is preferable that a material used in upper portions of the
wirings 202a, 2025, 202¢, 202d, and 202¢ have a work
function higher than the electron affinity of the oxide semi-
conductor by 0.5 eV or higher. As examples of such a
material, tungsten, gold, platinum, p-type silicon, and the
like are given. Needless to say, a material having lower
resistance may be provided in a lower layer in order to
increase conductivity.

Further, an insulating film 203 is formed by a known
deposition method such as a sputtering method. The insu-
lating film 203 may be formed under conditions similar to
those of the insulating film 103 in Embodiment 9. FIG. 12A
illustrates the state up to this point.

Next, an oxide semiconductor film is formed to a thick-
ness of 3 nm to 30 nm by a sputtering method. The oxide
semiconductor film may be formed under conditions similar
to those in Embodiment 9. The oxide semiconductor film is
etched, so that island-shaped oxide semiconductor regions
204a and 2045 are formed.

Furthermore, electrodes 205a, 2055, 205¢, 205d, and
205¢ are formed of a single-layer metal film or a multilayer
metal film. The materials which are given as suitable mate-
rials for the wiring 102a, 1025, and 102¢ in Embodiment 9
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may be used for the electrodes 2054, 2055, 205¢, 2054, and
205e¢. The electrodes 2054, 2055, 205¢, 2054, and 205¢ each
serve as a source or a drain of a transistor or an electrode of
a capacitor. FIG. 12B illustrates the state up to this point.

After that, an interlayer insulator 206 which is formed of
a single-layer insulating film or a multilayer insulating film
and has a flat surface is formed. The thickness of the
interlayer insulator 206 is preferably greater than or equal to
500 nm. It is preferable that the bottom layer of the interlayer
insulator 206 (portions which are in contact with the island-
shaped oxide semiconductor regions 204a and 2045) have a
thickness greater than or equal to 100 nm and have a
hydrogen concentration lower than 1x10'® cm™, more pref-
erably lower than 1x10'® cm™>. In order to obtain such a
hydrogen concentration, a sputtering method in which a
hydrogen compound (including water) is extremely reduced
in atmosphere is employed as a deposition method. In
addition, heat treatment, chlorine plasma treatment, or oxy-
gen plasma treatment is preferably performed after the
interlayer insulator 206 is formed.

For example, the interlayer insulator 206 may be formed
as follows: a silicon oxide film is formed to a thickness of
100 nm by a sputtering method and is subjected to oxygen
plasma treatment; an aluminum oxide film is further formed
to a thickness of 100 nm by a sputtering method; and then
a silicon oxide film with a thickness of 300 nm to 600 nm
is stacked thereover by a spin-on-glass method.

Furthermore, the interlayer insulator 206 is selectively
etched, so that contact holes reaching the wiring 2025 and
the electrodes 205a, 2055, 205¢, 205d, and 205¢ are formed.

After that, wirings 207a, 2075, 207¢, 207d, and 207¢ are
formed of a single-layer metal film or a multilayer metal
film. The wirings 207a, 20756, 207¢, 207d, and 207e each
serve as a wiring such as a signal line, a connection
electrode, or the like. FIG. 12C illustrates the state up to this
point.

FIG. 12C illustrates bottom-gate transistors 208a and
208d each of which serves as a selection transistor, a first
driving transistor, or a second driving transistor; a wiring
connection portion 2085, a wiring intersecting portion 208¢;
and a capacitor 208e. In this embodiment, an insulator with
a sufficient thickness is formed as the interlayer insulator
206; thus, parasitic capacitance between the wirings can be
sufficiently reduced.

(Embodiment 11)

In this embodiment, electronic devices using any of the
electro-optical display devices described in Embodiments 1
to 8 will be described. These electro-optical display devices
can be used for devices such as personal computers, portable
communication devices, image display devices, video repro-
ducing devices, imaging devices, game machines, and
e-book readers.

This application is based on Japanese Patent Application
serial no. 2010-109827 filed with the Japan Patent Office on
May 12, 2010, the entire contents of which are hereby
incorporated by reference.

What is claimed is:

1. An electro-optical display device comprising a pixel,
the pixel comprising:

a first transistor including an oxide semiconductor con-

taining indium in its channel;

a second transistor including silicon in its channel;

a third transistor including silicon in its channel;

a capacitor; and

a display element,
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wherein a source of the first transistor is electrically
connected to a gate of the second transistor, a gate of
the third transistor, and one electrode of the capacitor,

wherein a source of the second transistor is electrically
connected to one electrode of the display element,

wherein a drain of the second transistor and the other
electrode of the capacitor are electrically connected to
a capacitor line,

wherein a source of the third transistor is electrically
connected to the other electrode of the display element,

wherein a gate of the first transistor is electrically con-
nected to a scan line,

wherein a drain of the first transistor is electrically con-

nected to a signal line,

wherein the second transistor and the third transistor have

the same conductivity type,
wherein a leakage current of the first transistor is less than
or equal to 1x1072° A at a temperature of 25° C.,

wherein an off-state current of the first transistor is less
than or equal to Y100 of a leakage current of the display
element, and

wherein a capacitance of the capacitor is less than or equal

to Yo of a capacitance of the display element.

2. The electro-optical display device according to claim 1,
wherein a drain of the third transistor is connected to a
second power supply line.

3. The electro-optical display device according to claim 1,
wherein the drain of the third transistor is connected to a
capacitor line in a subsequent row or a subsequent column.

4. The electro-optical display device according to claim 1,
wherein the first transistor is an N-channel transistor.

5. The electro-optical display device according to claim 1,
wherein a frame period is longer than or equal to 100
seconds.

6. The electro-optical display device according to claim 1,
wherein time for writing of one screen is shorter than or
equal to 0.2 milliseconds.

7. An electro-optical display device comprising a pixel,
the pixel comprising:

a selection transistor including an oxide semiconductor

containing indium it its channel;

a first driving transistor including silicon in its channel;

a second driving transistor including silicon in its channel;

a capacitor; and

a display element comprising a first electrode and a

second electrode,

wherein a source of the selection transistor is electrically

connected to a gate of the first driving transistor, a gate
of'the second driving transistor and one electrode of the
capacitor,

wherein a source of the first driving transistor is electri-

cally connected to the first electrode,
wherein a source of the second driving transistor is
electrically connected to the second electrode,

wherein a drain of the second driving transistor and the
other electrode of the capacitor are electrically con-
nected to a capacitor line,

wherein a gate of the selection transistor is electrically

connected to a scan line,

wherein a drain of the selection transistor is electrically

connected to a signal line,

wherein the first driving transistor and the second driving

transistor have the same conductivity type,

wherein a leakage current of the first transistor is less than

or equal to 1x107*° A at a temperature of 25° C., and
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wherein an off-state current of the selection transistor is
less than or equal to Yoo of a leakage a current of the
display element.

8. The electro-optical display device according to claim 7,
wherein the display element is a liquid crystal display
element.

9. The electro-optical display device according to claim 7,
wherein a display mode of the electro-optical display device
is in-plane switching.

10. The electro-optical display device according to claim
7, wherein a display mode of the electro-optical display
device is fringe field switching.

11. An electro-optical display device comprising a pixel,
the pixel comprising:

a selection transistor including an oxide semiconductor

containing indium it its channel;

a first driving transistor including silicon in its channel;

a second driving transistor including silicon in its channel;

a capacitor; and

a display element comprising a first electrode and a

second electrode,

wherein a source of the selection transistor is electrically

connected to a gate of the first driving transistor, a gate
of the second driving transistor and one electrode of the
capacitor,

wherein a source of the first driving transistor is electri-

cally connected to the first electrode,
wherein a source of the second driving transistor is
electrically connected to the second electrode,

wherein a drain of the second driving transistor and the
other electrode of the capacitor are electrically con-
nected to a capacitor line,

wherein a gate of the selection transistor is electrically

connected to a scan line,

wherein a drain of the selection transistor is electrically

connected to a signal line,

wherein the first driving transistor and the second driving

transistor have the same conductivity type,

wherein a leakage current of the first transistor is less than

or equal to 1x1072° A at a temperature of 25° C., and
wherein a capacitance of the capacitor is less than or equal
to Y10 of a capacitance of the display element.

12. The electro-optical display device according to claim
11, wherein the display element is a liquid crystal display
element.

13. The electro-optical display device according to claim
11, wherein a display mode of the electro-optical display
device is in-plane switching.

14. The electro-optical display device according to claim
11, wherein a display mode of the electro-optical display
device is fringe field switching.

15. The electro-optical display device according to claim
1, further comprising a driver circuit for driving the pixel,
wherein the driver circuit comprises a fourth transistor
including polycrystalline silicon.

16. The electro-optical display device according to claim
7, further comprising a driver circuit for driving the pixel,
wherein the driver circuit comprises a fourth transistor
including polycrystalline silicon.

17. The electro-optical display device according to claim
11, further comprising a driver circuit for driving the pixel,
wherein the driver circuit comprises a fourth transistor
including polycrystalline silicon.
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